Nanoporous acid catalysts such as zeolites form the backbone of catalytic technologies for refining petroleum. 1 With the promise of a biomass economy, new catalyst systems will have to be discovered, making shape-selective base catalysts especially important because of the high oxygen content in biomass-derived feedstocks. Strongly basic zeolites are attractive candidates, but such materials are notoriously difficult to make due to the strong inherent acidity of aluminosilicates. Several research groups have endeavored to produce strongly basic zeolites by treating zeolites with amines, 2-5 but to date there is little compelling evidence that nitrogen is incorporated into zeolite frameworks. Here, we detail synthesis, NMR spectroscopy, and calculations showing that nitrogen adds to both surface and interior oxygen while preserving the zeolite framework. This finding is crucial for the rational design of new biomass-refinement catalysts, allowing 50 years of zeolite science to be brought to bear on the catalytic synthesis of biofuels.
Nanoporous acid catalysts such as zeolites form the backbone of catalytic technologies for refining petroleum. 1 With the promise of a biomass economy, new catalyst systems will have to be discovered, making shape-selective base catalysts especially important because of the high oxygen content in biomass-derived feedstocks. Strongly basic zeolites are attractive candidates, but such materials are notoriously difficult to make due to the strong inherent acidity of aluminosilicates. Several research groups have endeavored to produce strongly basic zeolites by treating zeolites with amines, [2] [3] [4] [5] but to date there is little compelling evidence that nitrogen is incorporated into zeolite frameworks. Here, we detail synthesis, NMR spectroscopy, and calculations showing that nitrogen adds to both surface and interior oxygen while preserving the zeolite framework. This finding is crucial for the rational design of new biomass-refinement catalysts, allowing 50 years of zeolite science to be brought to bear on the catalytic synthesis of biofuels.
In a hypothetical amine-substituted zeolite, oxygen is replaced by nitrogen to form a stronger base; these materials have been predicted to be nearly twice as strong as traditional zeolite bases. 6 However, the nature of active sites in the actual materialssin particular, whether nitrogen replaces oxygen primarily in the zeolite framework or on the surfacesis difficult to characterize experimentally. What is needed is compelling evidence that nitrogen has substituted into the zeolite framework. To pursue such evidence, we compare quantum calculations on amine-substituted HY (FAU structure 7 ) zeolite clusters with 29 Si NMR spectra of corresponding materials to explain new peaks in the spectra.
Amine-substituted zeolites were fabricated by exposing Y zeolite (Si/Al ) 6.1) to dry ammonia at 850°C for 8 h in a flow-through furnace. Powder XRD (Supporting Information, SI) confirms that the material maintains an FAU structure with a high degree of crystallinity. Solid state (MAS) 29 Si NMR spectra were measured using an 8.47 T spectrometer. The presence of nitrogen in ammoniatreated samples was confirmed by elemental analysis and energy dispersive X-ray (EDX) analysis (see SI). We measured IR spectra of treated and untreated samples (SI); broad bands in the 800-1000 cm -1 range obscure unambiguous assignments of Si-N vibrations.
Quantum calculations were performed with a GAUSSIAN program 8 on clusters containing 14 tetrahedral (Si, Al) atoms. Such clusters contain at least three "layers" of atoms around the central atoms in the cluster, which is sufficient to converge the shielding constants (σ) and chemical shifts (δ) with respect to system size. 9 Each cluster is terminated by OH groups, and all terminal OH groups and any atoms bound to two or more OH groups were frozen at their crystallographic coordinates. Terminal hydrogens were placed along O-Si* bonds pointing to missing Si* atoms, 0.86 Å from the oxygen. All calculations were performed with the B3LYP hybrid exchange-correlation functional. 10 Geometries were optimized using the 6-311G(d,p) basis set; 11 magnetic shielding constants were then computed with gauge-including atomic orbitals (GIAO) 12 using the cc-pVTZ basis set. 13 The chemical shift was determined by subtracting the shielding constants from those of silane and then applying the experimental chemical shift of -104.34 ppm for silane relative to neat liquid tetramethylsilane (TMS). 14 The 29 Si chemical shifts of each cluster and the energy changes due to the addition of ammonia and loss of water are presented in Table 1 . The reaction energies listed are changes in the electronic energy only; no correction for zero-point energy, thermal energy, or entropy has been applied. These corrections are likely small compared to the reaction energies considered. Adding nitrogen to a siliceous site is endoergic by ca. 100 kJ/mol. This value is consistent with Corma's value of 118 kJ/mol for the reaction of disilylether to form disilylamine. 15 Using the same theory and basis set used herein, the energy change of this reaction is 98 kJ/mol. Substituting nitrogen adjacent to an aluminum atom, however, only requires 35 kJ/mol. The reaction at the cluster surface, where terminal OH is replaced by NH 2 , leads to a reaction energy of 30 kJ/mol. Aluminum, therefore, significantly facilitates amine substitution, being comparable in energy to surface replacement.
The chemical shifts in Table 1 for a silicon atom that is secondneighbor to one, two, and three aluminum atoms are quantitatively † Department of Chemical Engineering, University of Massachusetts. ‡ Department of Chemistry, University of Massachusetts. § State University of New York. a Energies include ammonia and water as reactants and products, respectively. Bonds without explicit termination are part of a siliceous framework. b Assignments based on Figure 1 ; overlapping peaks are assigned multiple times c Presumably not observed due to high energy.
consistent with the experimental spectrum (Figure 1, top) and published experimental assignments. 16 The trends in chemical shift as nitrogen is substituted into the framework are qualitatively consistent with new peaks that appear in NMR spectra of silicon oxynitride glasses, which appear at chemical shifts of ∼ -90, -78, and -65 ppm. 17 Ammonia (a base) adsorbed in an acidic zeolite is known to give an NH 4 + species, but our calculations of the Si resonances of a Brønsted acid site (-101.3 ppm) and a silicon atom close to NH 4 + (-98.1 ppm) predict that adsorbed NH 4 + cannot account for the new NMR signals.
The ultimate question we seek to answer is whether there is definitive spectroscopic evidence indicating substitution of oxygen for nitrogen in the zeolite framework. We therefore need to compare our calculated values to an experimental spectrum. We accomplish this by assuming each type of silicon nucleus from Table 1 generates a Lorentzian NMR line shape, with a weighting based on the presumed fraction of silicons of each type. The aluminum distribution is assumed to be quasi-random among the tetrahedral sites following the work of Vega. 18 The nitrogen distribution was assumed to obey the following restrictions: (1) no substitution between two silicon atoms due to the energy relative to that at aluminum-proximate sites; (2) surface substitution of Si-NH 2 for Si-OH, being lower in energy and more accessible, takes place before framework substitution; and (3) the probabilities of substitution(s) near a silicon that is second-neighbor to one, two, three, and four aluminum atoms are the same and random. We discounted the presence of intermediates where the structure is broken due to their high energies (data not shown). The resulting spectra for an Si/Al ratio of 6.1 are shown in Figure 1 , overlaid with experimental spectra of HY zeolite with the same Si/Al ratio. The calculated spectrum of the substituted zeolite assumes 10% of silicon atoms are on the surface and that each peak has a half width at half maximum of 2.9 ppm, both of which are fitting parameters. For an FAU structure with 20% of its oxygen substituted for nitrogen, about 80% of the total nitrogen substitutions occur inside the framework using these assumptions.
The predicted spectra in Figure 1 agree well with experiment. For untreated HY (Figure 1 top) , agreement is excellent except for the (Al-OH) 3 -Si moiety (-90 ppm), whose chemical shift may be sensitive to proton siting; we will explore this in future work. For ammonia-treated HY (Figure 1 bottom) , we assign the broad peaks in the -75 to -95 ppm range to surface Si-NH 2 (near -79 ppm), framework tAl-NH 2 -Si-OH-Alt (-81 ppm), and framework tAl-NH 2 -Sit (-88 ppm). The peak at -67 ppm is assigned to tAl-NH 2 -Si-NH 2 -Alt and (tAl-OH-) 2 Si-NH 2 -Alt. Silicon atoms with three or four Al neighbors are unlikely at this Si/Al ratio. The broadened line shape in the experimental spectrum for the treated zeolite in the -80 to -90 ppm range likely arises from a distribution of Si environments, various bond lengths and angles, that cannot be captured by the clusters explored in this work.
The presence of the observed peaks in FAU zeolite, in particular, the peak near -86 ppm, provides compelling eVidence that nitrogen substitution occurs inside the framework. Framework substitutions of the form tAl-NH 2 -Sit make up over 25% of the total Si at this Si/Al ratio, assuming 20% of oxygen atoms are substituted for nitrogen (76 nitrogens per unit cell).
We conclude that high-temperature ammonia treatment of HY zeolite produces a mixture of surface and framework substitutions, the latter confined to reactions that replace Brønsted acid sites with NH 2 groups. The important consequence of this conclusion is that nitrogen substitution leaves the framework intact, paving the way for base-catalyzed reactions using strong amine-like bases, and allowing over five decades of zeolite science to be applied to the catalytic processing of biofuels.
